We study in an effective operator approach how the effects of new physics from various scenarios that contain an extra Z ′ neutral gauge boson or doubly charged scalars, can affect and thus be tested by the precision polarized Møller scattering experiments. We give Wilson coefficients for various classes of generic models, and we deduce constraints on the parameter space of the relevant coupling constants or mixing angles from the results of the SLAC E158 experiment where applicable. We give also constraints projected from the upcoming 1 ppb JLAB experiment. In the scenario where the extra Z ′ is light (M Z ′ ≪ M W ), we obtain further constraints on the parameter space using the BNL g − 2 result where it is useful. We find that the BNL deviation from the Standard Model cannot be attributed to a light extra Z ′ neutral gauge boson.
I. INTRODUCTION
Polarized electron scattering has a long and illustrious history that began with the celebrated SLAC polarized e D scattering [1] , which was instrumental in putting the Sandard Model (SM) on a firm experimental ground. The latest experiment of this class is the polarized Møller scattering. As only the electrons are involved, theory calculations at quantum loop levels can be performed free of hadronic uncertainties making it an ideal process for precision SM testing; any deviation from expectations will also be a clear signal of new physics beyond the SM.
A while ago, an experiment of this type has been successfully completed [2] , where parityviolating measurements have been made from the scattering of longitudinally polarized electrons -either left-handed (LH) or right-handed (RH) -on an unpolarized electron target.
At a momentum transfer of Q 2 = 0.026 GeV 2 , the left-right asymmetry
has been measured to an accuracy of approximately 20 ppb, and the weak angle determined to be sin 2 θ W = 0.2397 ± 0.0010 (stat.) ± 0.0008 (syst.), with its running established at the 6σ level. In the SM, A LR arises from the interference between the electromagnetic and the weak neutral currents, and is given by
where G µ = 1.16637(1) × 10 −5 GeV −2 , α −1 = 137.0356, and terms involving the electron mass m e have been dropped when appropriate. The electroweak corrections matching this experimental accuracy and more is given in Ref. [3] . The value of the weak angle at Q 2 = 0 is found to be sin 2 θ MS W = 0.23867 ± 0.00016 in an updated analysis [4] . We use this value in all our numerical calculations below.
by the HEAT [6] and AMS [7] experiments. The ATIC [8] and PPB-BETS [9] balloon experiments have also recorded similar excess. One possible origin is from a hidden sector and low scale dark matter annihilation [10] . The hidden sector scale is O(GeV), and so is at the opposite end of the new heavy physics. The characteristic of this class of model is that possible couplings to SM matter fields must be extremely weak. A very simple model was constructed previously to study this possibility [11] , and Møller scattering was found to give very stringent constraints.
Motivated by all these encouraging developments, we examine in detail how an improved A LR measurement could shed light on new physics. We focus here on classes of non-superymmetric new physics and how they might manifest themselves in precision polarized Møller scattering. It is well known that A LR can be used to probe the existence of doubly charged scalars and extra Z ′ bosons. The doubly charged scalars are interesting in their own right, and they also arise in Type II seesaw models for neutrino masses [12] .
For extra Z ′ bosons, the literature is particularly rich with well motivated models. These include models of grand unified theory (GUT) based on the E 6 or SO(10) gauge group [13] , hidden sector Z ′ models [11, 14] , and left-right symmetric [15] and warped extra-dimensional
Randall-Sundrum (RS) [16] models based on the gauge group SU(2) L × SU(2) R × U(1) B−L .
The effects of a new particle such as the doubly charged scalar of the extra Z ′ boson can be encoded in an effective operator approach, which for A LR involve only two dimension six operators:
In the next section, we describe this effective operator approach.
The rest of the paper is organized as follows. In Sec. III, we discuss the classes of new physics models. Besides updating relevant known results, we also present a new calculation of the contributions in the Minimal Custodial RS (MCRS) model with bulk symmetry
, and we give comparisons with the usual four dimensional left-right symmetric models. Sec. IV contains our conclusions. The details of the MCRS model and the specifics of the fermion localization are collected into Appendix. A.
II. EFFECTIVE OPERATORS A. High Scale New Physics
If the new physics is at a scale higher than the Fermi scale v ≃ 247 GeV, an effective operator approach is powerful and avoids much model dependence. Denoting the scale of new physics by Λ and assuming that the SM gauge group holds between Λ and v, the effective Lagrangian with dimension six four-lepton operators added is given by
where a, b are SU(2) indices, and
The subscripts L and R denote the usual chiral projection. We have included only terms relevant for the calculation of A LR , i.e. the first generation leptons. Note that for scattering of a polarized beam on a polarized target, there is also a scalar operator that contributes:
A full analysis of dimension six leptonic operators can be found in Ref. [17] .
The Wilson coefficients c and d are given by specific models at Λ. One has to do a renormalization group (RG) running analysis to determine their values at the relevant low energy scale where the experiments are performed. The RG equations for these coefficients can be found in Ref. [17] . Numerically, we find that the RG running effects are not significant.
They give about a 4% effect running between Λ (typically a few TeV) and v, and hence can be neglected in the first approximation. Below v the running is governed by the well known β QED funtions. Including them leads to a change of about 10% in the values of the coefficients between Λ and √ s ≃ 0.1 GeV. We neglect these small RG running effects below which would not impact our analysis given the current level of precision in the experimental inputs and the exploratory nature of our study.
The asymmetry A LR is found by calculating the diagrams depicted in Fig. 1 
where We remark here that the new physics effects in Møller scattering can also come in through the Zee coupling being modified. This is particularly evident in cases when the heavy states of the new physics also have very small couplings to electrons so that the virtual exchange process is suppressed both by the propagator effect and the small coupling. Example of this can be found in the extra hidden sector/shadow U(1) and RS models which we discuss below in Sec. III D and III E.
B. Low Scale New Phyiscs
For the class of models where new physics arise at a scale Λ v, two effects are at work.
The first is due to the exchange of the new low mass particle. 
with the covariant derivative given by
where g L , g Y , and g ′ are the gauge couplings of the SU(2) L , U(1) Y , and U(1) ′ respectively, f a species label that runs over all SM fermions, and z f (z H ) the SM fermion (Higgs) charge under the U(1) ′ . Other notations are standard. The paramter ǫ characterizes the kinetic mixing between B µ , the hypercharge gauge field, and X µ , and is expected in general to be of order 10 −4 to 10 −2 [11, 20] .
The kinetic energy terms for the gauge bosons can be recast into canonical form through
In most cases involving high scale new physics, the kinetic mixing is negligible. However, this is not true in general for low scale cases. The mass term in Eq. (7) can arise from a hidden sector scalar interactions that breaks the U(1) ′ gauge symmetry. The details are not important for this study. After the spontaneous breaking of the electroweak symmetry, this mass term will lead to a mass mixing among W 3 , B, and X fields which depend on z H .
For models with z H = 0 but a non-vanishing kinetic mixing between the neutral gauge bosons, the transformation between the weak and mass basis is given by
where s W (c W ) denotes sin θ W (cos θ W ), and similarly for the angle η. The first rotation is the standard one that give rise to the would be SM Z, which we label as Z 0 , while the second diagonalizes the mixing between Z 0 and X ′ that produces the two neutral gauge eigenstates, Z and Z ′ . This mixing angle is given by
and the masses of Z and Z ′ are given by
where M − (M + ) denotes the lighter (heavier) of the two states. For high scale new physics,
Since s ǫ 10 −2 , the mixing angle η is very small as η < ǫ when s ǫ is small and x > 1. For M W ≫ M X , ǫ and η can be of the same order. The relative sign between them depends on the relative magnitude between x 2 and s 2 ǫ . Models in which ǫ is vanishing but z H is not are more typical of high scale new physics scenarios. Since there is now no kinetic mixing, the Z 0 mixes with the X. The mass matrix of this system can be written as
with the mixing angle and the masses of the resulting Z and Z ′ given by [18, 19] tan 2θ = 2∆
and
Note that both ∆ and M X are model dependent. For example, if the SM Higgs is charged under both U(1) factors,
where M 0 is the mass from higher scale.
In either case, the Wilson coefficients can now be calculate from ǫ, g ′ , z f , z H , and Λ in a given model. For quick reference, we summarize here the results from below the Wilson coefficients for high scale new physics in Table I . 
A. GUT Models
The appearance of extra U(1) gauge groups is exemplified by the E 6 GUT model. One way they can arise is through the symmetry breaking chain
The U(1) factors here are not anomalous. There are also no kinetic mixing, and the mass mixings between the gauge bosons of the extra U(1) factors and the SM Z are phenomenologically found to be negligible. The X boson above is now a linear combination of the ψ and χ gauge bosons
where B µ ψ, χ are gauge fields of the U(1) ψ, χ respectively. The X µ is taken to be the lighter of the two neutral linear combinations. From the fermion charges given in Ref. [18, 21] , we
where c β (s β ) denotes cos β (sin β). Fig. 2 the resulting δ LR due to GUT new physics. We plot also the constraints from the Tevatron new physics searches, 
the lowest (highest) exclusion limit in the CDF search [22] . The SLAC E158 measurement of the left-right asymmetry [2] gives
1 As can be seen from Eq. (14), with ∆ ∼ O(100) GeV and M X O(1) TeV expected, the Z 0 − X mass mixing is small with sin θ O(0.01). We thus follow common practice and neglect the small corrections to A LR due to the mass mixing and the concurrent modification in the gauge-fermion couplings, which are proportional to (sin θ) 2 . 
B. Left-Right Symmetric Models
For left-right symmetric models, the gauge group is taken to be SU(2) L × SU(2) R × U(1) B−L . The SU(2) R is broken down to a U(1) R by a triplet Higgs field at a scale greater
′ [19] . The charges z f and z H can be determined by enforcing anomaly cancellation conditions (see below). We find
where g R is the gauge coupling of SU(2) R . Interestingly, note that even if g R = g L , δ LR will not vanish. We plot in Fig. 3 the resulting δ LR for left-right symmetric models, as well as the relevant SLAC E158 constraint and that projected from the JLAB 1 ppb measurement.
As a comparion, we plot also the curve that arises from the Z LR 95% CL lower mass limit, M Z LR > 630 GeV, obtained from the combination of electroweak data, direct Tevatron and indirect LEP II searches [18] . We see that current experiments do offer, if only barely, some constraints on the TeV scale new physics here compared to the GUT case. But for useful ones, the precision of the upcoming JLAB experiment is still much needed.
There are interesting bottom up models where the extra U(1) factors are not immediately related to the remnant of some broken down non-abelian groups. The prime example is the
The assumption is that the SM is charged under U(1) X , 3 We have followed the more common practice here in taking the 1σ total error as the statistical and systematic uncertainties added in quadrature. The 95% CL corresponds to an error interval of ±1.96σ. and since this group is known to be anomalous, one has to demand anomaly cancellations for chiral fermions under the full
As neutrinos are massive, we introduce one sterile neutrino, N R , per family and denote its charge by z N . Assuming these charges are family independent, we have seven independent charges z f , z N , and z H .
The anomaly conditions arise from
The mix gravitational and U(1) X anomaly give the same condition as [U(1) X ] 3 and is redundant. The Yukawa terms that give quark and lepton masses yielded one additional condition. Thus there are two independent charges, which we choose to be z L and z e . The other charges are 
where g ′ is the gauge coupling constant of the U(1) X . Note that in this analysis the masses of the sterile neutrinos do not come into play. Hence the details of the mechanism for generating active neutrinos masses will not change our results. We plot in Fig. 4 is a gauge symmetry of a hidden sector with its own scalar sector. The hidden sector and the SM communicate through hidden scalars couplings with the SM Higgs [11] and kinetic mixing [23] . In this class of models z H = 0, and the fermion couplings to Z and Z ′ are given
where
We see that the neutral current couplings are not only rotated as indicated by the c η factor, but they also contain an extra piece proportional to the fermion hypercharge due to the U(1)-U(1) X mixing. Hence we need to re-examine the electroweak precision data using the full couplings as well as taking into account the effects due to virtual Z ′ exchanges.
As mentioned above, there are two interesting limits with very different phenomenologies depending on whether M X is greater or less than M W , which correspond to high or low scale new physics. (11) we can see that η ≪ ǫ and the mixing can be ignored. The most stringent constraints come from electroweak precision measurements at the Z-pole. As for Møller scattering, the exchange of the Z ′ gives negligible effect because its large mass and very small coupling to the electrons (see Eq. (25)). The dominant effect comes from the modified Zeē coupling, and we find
where the Thomson limit value of the weak angle, s 2 W = 0.23867, is used. Unless otherwise specified, we will use this value of s 2 W for all numerical presentations below. We point out here that this result is independent of M ′ . Also if s η and s ǫ have the same sign, δ LR is negative.
M X ≪ M W
In this case we have a light Z ′ whose mass is essentially M X (see Eq. (12)), and the mixing angle η can be large compare to ǫ. Since the Z ′ is light, δ LR is dominated by the photon-Z ′ interference term:
where u 
If we use the projected JLAB limits from above, the constraint interval on the RHS is change to [−0.16, 0.16] in the same unit. Now from Eqs. (11) and (12), s ǫ can be written in terms of M Z ′ and s η as
Using this, we plot in Figs 5 the allowed (s η , M Z ′ ) region as given by Eq. (28) . Note that for the RHS of Eq. (28) greater than zero, there is no real solution, and so no allowed parameter space.
The mixing parameters η and ǫ are also constrained by low energy observables such as the anomalous magnetic moment of the muon a µ . The new physics contribution from a light extra Z ′ to a µ is found to be [11] 
where we have used Eq. (29) in the last line. We see that for M Z ′ ≪ M W , the curly bracket is positive definite. Thus a δa µ arising from a light Z ′ is always negative. This means that if confirmed, the current BNL result of a 3.4σ deviation from SM expectation [24] :
cannot be due to the new physics arising from the light Z ′ alone.
E. The MCRS Model
Recently, the warped five-dimensional (5D) RS model endowed with a bulk gauge group
-which we call the MCRS model -has been actively studied as a framework for flavor physics [26, 27, 28] . The gauge hierarchy problem is solved when the warp factor is taken to be kπr c ≈ 37 [16] . This sets the scale for the new physics to m KK ≈ 4 TeV where the lowest Kaluza-Klein (KK) excitation first arises 4 .
The bulk SU(2) R factor protects the ρ parameter in the effective 4D theory from excessive corrections coming from KK excitations, and is broken by orbifold boundary conditions on the UV boundary (brane); this is a 5D generalization of the case studied in Sec. III B. A brief summary of the model is given in Appendix A, which sets our notations.
In the MCRS model, δ LR arise due to the interactions of KK excitations of the neutral gauge bosons and the charged leptons. Contributions come either from direct virtual exchanges of neutral gauge KK modes, or through the Zeē coupling been modified due to mixings of SM modes with KK modes. The latter involve both fermions and gauge bosons, and is similar to the shadow Z ′ case discussed above. More details of the vertex correction due to KK mixings can be found in Appendix A.
A generic feature of the extra dimensional models is that gauge-ff couplings are not flavor diagonal in the mass eigenbasis. To calculate the contributions to δ LR in the mass eigenbasis requires the knowledge of both the LH and RH rotation matrices, which are determined by the mass matrix of the charged leptons and their localization in the extra dimension (see Ref. [26] ). In Table II that lead to charged lepton mass matrices compatible with the current lepton flavor violation (LFV) constraints, and give rise to experimentally observed charged lepton masses. Details of the charged lepton configurations and the particular realization of the admissible charged lepton mass matrices used to calculate the new physics contributions in Table II 
F. Doubly Charged Scalars
Doubly charged scalars P ±± are motivated by Type II seesaw neutrino mass generation mechanisms. They can be either SU(2) L singlets or triplets, and they carry two units of lepton number. The contribution of P ±± to Møller scattering depends on only two parameters, viz. its mass, M P , and its coupling to electrons, y ee . For example, if there is only coupling to RH electrons, the effective contact interaction is
leading to
For models where the coupling is to LH electrons, δ LR is similarly given with the RR Wilson coefficient changed to that of the LL type. The important difference is that δ LR is negative here. We plot the δ LR arising from doubly charged scalars coupling only to RH electrons in Fig. 6 , as well as the relevant constraints from the SLAC E158 and the projected JLAB 1 ppb measurement.
IV. CONCLUSIONS
We have examined in detail the implications of a very high precision polarized Møller scattering experiment on new physics beyond the SM, which is well known to be sensitive to extra Z ′ and doubly charged scalars in the few TeV mass range. We have shown how such a measurement can be particularly useful if such a state is found at the LHC. If a doubly charged scalar were discovered at the LHC, a measurement of the δ LR will determine its Yukawa couplings to electrons, and the sign of δ LR will determine whether it couples to LH or RH electrons (negative for the former, positive for the latter). Such scalars also carry two units of lepton number, hence measurements of δ LR will in turn have impact on the predicted rates of neutrinoless double beta decays of nuclei [12] , thus providing invaluable information on the origin of neutrino masses. Similarly, if an extra Z ′ were discovered, measuring δ LR will shed light on its origin. We have given detailed calculations for various classes of models including the E 6 GUT model, left-right symmetric model, and two examples of non-anomalous U(1).
For high scale new physics, we found if the new particle is of the more exotic type such as a hidden/shadow Z ′ or the pure KK Z ′ in warped extra-dimension RS scenarios, δ LR measures the change in the effective Zeē couplings as compare to the SM, and it is not sensitive to the mass of these new gauge bosons. In the scenario where the new physics is of a very low scale (≪ v), and a Z ′ with a small mass exists that couples very weakly to SM fermions, a δ LR measurement gives even more valuable information not available from high energy hadron collider experiments. We have shown that the SLAC E158 experiment can already tightly constrains the mixings of this type of Z ′ with the SM Z. The smallness of the mixings allowed conforms with string-theoretic expectations, as well as phenomenological determinations [11] . On the other hand, the positive deviation from the SM expectation in the measured value of muon g − 2 cannot be accommodated by such a light shadow Z ′ since it gives a negative contribution. To the best of our knowledge there is no cleaner or better measurements on couplings of a hidden/shadow Z ′ to electrons. These are valuable inputs to dark matter model building employing a hidden or shadow sector.
It is clear that an extra Z ′ or doubly charged scalars with masses in the 1 to 2 TeV range can be found at the LHC relatively easily. We have shown that δ LR can provide cross checks on these measurements as well as independent information on the couplings to 
We describe briefly in this appendix the basic set-up of the MCRS model to establish notations relevant for studying flavor physics. A more detailed description can be found in, e.g. Ref. [25] .
The MCRS mode is formulated on a slice of AdS 5 space specified by the metric
where σ(φ) = kr c |φ|, η µν = diag(1, −1, −1, −1), k is the AdS 5 curvature, and −π ≤ φ ≤ π.
The theory is compactified on an S 1 /(Z 2 ×Z ′ 2 ) orbifold, with r c the radius of the compactified fifth dimension, and the orbifold fixed points at φ = 0 and φ = π correspond to the UV (Planck) and IR (TeV) branes respectively. To solve the hierarchy problem, one takes kπr c ≈ 37. The warped down scale is defined to bek = ke −kπrc . Note thatk sets the scale of the first KK gauge boson mass, m
gauge ≈ 2.45k, which determines the scale of the new KK physics.
The MCRS model has a bulk gauge group SU(3) c × SU(2) L × SU(2) R × U(1) X under which the IR brane-localized Higgs field and transforms as (1, 2, 2) 0 . The SM fermions are embedded into SU(2) L × SU(2) R × U(1) X via the five-dimensional (5D) bulk Dirac spinors
where Q i transforms as (2, 1 A given 5D bulk fermion field, Ψ, can be KK expanded as
where subscripts L and R label the chirality, and the KK modes f n L,R are normalized according to 1 π
The KK-mode profiles are obtained from solving the equations of motion. For zero-modes, we have
where the c-parameter is determined by the bulk Dirac mass parameter, m = c k, and the upper (lower) sign applies to the LH (RH) label. Depending on the orbifold parity of the fermion, one of the chiralities is projected out.
After spontaneous symmetry breaking, the Yukawa interactions localized on the IR brane lead to mass terms for the fermions on the IR brane
where v W = 174 GeV is the VEV acquired by the Higgs field, and λ
are (complex) dimensionless 5D Yukawa coupling matrices. For zero-modes, which are identified as the SM fermions, this gives the mass matrices for the SM fermions in the 4D effective theory
where f labels the fermion species. The mass matrices are diagonalized by a bi-unitary
where m f i are the masses of the SM quarks and leptons. The mass eigenbasis is then defined by ψ ′ = U † ψ, and the CKM matrix given by
Because of KK interactions, the couplings of the Z to fermions are shifted from their SM values. These shifts are not universal in general, which leads to flavor off-diagonal couplings when the fermions are rotated from the weak eigenbasis to the mass eigenbasis:
The mass eigenbasis is defined by f ′ = U † f , and the flavour off-diagonal couplings are given
where κ ij = diag(κ 1 , κ 2 , κ 3 ) are the coupling shifts due to KK interactions in the weak eigenbasis. Note that there would be no flavor violations if κ is proportional to the identity matrix.
The coupling shifts κ ij arises from two sources: mixing between the SM Z and neutral KK gauge bosons, and that between the SM fermions and their KK excitations. These mixing processes are depicted in Fig. 7 . In the gauge mixing diagram, X can be either the SM Z Yukawa coupling matrix 7 . All numerical values are given to four significant figures (except for the mass eigenvalues, which required more accuracy to distinguish m τ ). The mass eigenvalues agree with the charged masses at 1 TeV found in Ref. [29] to within one standard 7 We need not list arg M because it is the same as φ, as can be seen from Eq. (A7).
deviations quoted.
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